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ABSTRACT
In this paper we investigate spectral and phase coherence properties of magnetic fluctuations in the
vicinity of the spectral transition from large, magnetohydrodynamic (MHD) to sub-ion scales using
in-situ measurements of the Wind spacecraft in a fast stream. For the time interval investigated
by Leamon et al. (1998) the phase-coherence analysis shows the presence of sporadic quasi-parallel
Alfve´n Ion Cyclotron (AIC) waves as well as coherent structures in the form of large-amplitude,
quasi-perpendicular Alfve´n vortex-like structures and current sheets. These waves and structures
importantly contribute to the observed power spectrum of magnetic fluctuations around ion scales;
AIC waves contribute to the spectrum in a narrow frequency range whereas the coherent structures
contribute to the spectrum over a wide frequency band from the inertial range to the sub-ion frequency
range. We conclude that a particular combination of waves and coherent structures determines the
spectral shape of the magnetic field spectrum around ion scales. This phenomenon provides a possible
explanation for a high variability of the magnetic power spectra around ion scales observed in the
solar wind.
Subject headings: plasmas - magnetic fields - solar wind - turbulence - data analysis - waves
1. INTRODUCTION
In usual hydrodynamical (HD) flow, a turbulence
cascade develops between energy injection and energy
dissipation scales and its spectrum ∼ k−5/3 can be
described by the Kolmogorov’s phenomenology (Kol-
mogorov 1941). The coherent structures, responsible for
intermittency, are filaments of vorticity which are local-
ized in space but cover all scales, from the energy injec-
tion scale, up to the dissipation scale `d, i.e. their cross
section is of the order of `d (Frisch 1995). The situation
is mostly the same for MHD turbulence, where the ab-
sence of characteristic scales gives rise to a well defined
power law behaviour of the turbulent fluctuations spec-
trum. Dissipative processes are in this case related to
the plasma resistivity, and coherent structures, responsi-
ble for intermittency, are usually current sheets with the
thickness of the order of `d.
However, in the solar wind, the resistivity as well as
the viscosity are extremely low, and turbulence can de-
velop down to characteristic scales of the plasma before
being dissipated. The first range of characteristic scales
encountered are the ion kinetic scales, such as ion cy-
clotron frequency fci = qiB0/2pimi (B0 being the mean
magnetic field), the ion Larmor radius ρi = vth⊥i/2pifci,
with ion thermal speed vth⊥i =
√
2kBT⊥i/mi (T⊥i being
the ion temperature perpendicular to B0), and the ion
inertial length λi = c/ωpi (the ion plasma frequency is
defined as ωpi = qi
√
ni/0mi, 0 being the permittivity
of free space). Observations show that the Kolmogorov-
like cascade ends at these scales, and the spectrum is ob-
served to be steeper at smaller scales, exhibiting another
power-law behavior in the so-called kinetic range (e.g.
Alexandrova et al. (2013)). In between these two power-
law regimes, lies the so-called transition range, around
the ion characteristic scales. The spectral shape of this
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transition region is quite variable. It can sometimes be
adequately fitted by a power-law (as was done, e.g. in
(Smith et al. 2006) or in (Sahraoui et al. 2010)), but
sometimes exhibits a non-power law smooth transition
behavior, like observed by Bruno & Trenchi (2014), for
example, or even positive slopes in the presence of quasi-
monochromatic waves (Jian et al. 2014).
Several authors studied this transition range by in-
troducing a break frequency fb, defined as the upper-
boundary of the Kolmogorov cascade. This frequency
was usually determined to be the intersection of slopes
obtained by independent linear fits of the lower and up-
per frequency parts of the spectrum (e.g. Bourouaine
et al. (2012)). Furthermore, numerous studies attempted
to correlate the break frequency fb with ion plasma char-
acteristic scales in order to determine which physical pro-
cess controls the spectral steepening. This includes, for
example, the studies of Leamon et al. (2000); Markovskii
et al. (2008); Perri et al. (2010); Bourouaine et al. (2012);
Bruno & Trenchi (2014). But these authors do not agree
on which scale, if any, is best correlated with fb, and
therefore which process governs the physics of the spec-
tral steepening.
Our purpose here is to study which physical processes
are at work around ion scales, how these processes in-
fluence the spectral shape at these scales and therefore
why the transition region does sometimes exhibit a clear
spectral break and sometimes not. To do this, we chose
to re-analyse a fast solar wind interval used in Fig. 1 of
Leamon et al. (1998) wherein a sharp and well defined
break was observed. We use the Morlet wavelet trans-
form, which gives us the possibility to have information
on the local phase of the signal. Using this tool, we show
that the clear spectral break at the frequency fb ' 0.4 Hz
results from the superimposition of (i) non-coherent and
not-polarized fluctuations, (ii) emissions of parallel prop-
agating Alfve´n Ion Cyclotron (AIC) waves in a narrow
frequency range around fb and (iii) large amplitude co-
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herent structures in form of Alfve´n vortex-like structures
and current sheets. These structures cover a very large
range of scales in the inertial range, their smallest scale,
or their characteristic size appears to be a few λi or ρi,
that is close to fb by Doppler shift.
Our work also sheds light on the nature of intermit-
tency in the solar wind. Previous studies showed the role
of planar structure like current sheets, rotational discon-
tinuities and shocks in solar wind intermittency (Greco
et al. 2012; Perri et al. 2012; Salem et al. 2009; Veltri
1999). Here, we point out that besides current sheets
and rotational discontinuities, we find also the signature
of vortex-like structures at ion scales indicating that our
vision of solar wind intermittency was too restricted to
planar structures ignoring the filamentary structures like
vortices.
Our results clearly show, as well, that the physics of
solar wind turbulence around ion scales is not governed
by a single physical process. Because the proportion of
structures, waves and non-coherent fluctuations is not al-
ways the same and depends on local (wave instabilities)
and non-local (convection of structures) phenomena, the
spectral shape may vary from time to time. These results
may help to explain why the break is not a permanent
feature in the solar wind and also why there is no single
characteristic scale which controls the spectral steepen-
ing at ion scales (as it is usually defined).
The paper is organized as follows: Section 2 describes
the spacecraft data and summarizes the plasma parame-
ters involved, as well as the spectral properties of the
selected interval; Section 3 includes the identification
and characterization of the most energetic and polarized
magnetic fluctuations of the time interval. In Section
4, we detail the spectral contribution of waves, coher-
ent structures and the rest of the signal by using wavelet
coherency technique. Finally, Section 5 summarizes our
findings and brings our conclusions.
2. INTERVAL OVERVIEW
We consider here a two hours interval [12:30:00-
14:30:00] UTC on the 1995/01/30 of measurements of the
local magnetic field vector obtained by the MFI instru-
ment (Lepping et al. 1995) onboard the Wind spacecraft
with a resolution of 184 ms; we use also the 92 s res-
olution proton data from the SWE instrument (Ogilvie
et al. 1995). Since these magnetic field and proton mea-
surements are not evenly spaced in time and have time
gaps, we interpolated all the data to the resolution of
184 ms for MFI and 92 s for SWE. All vector data are
given in the GSE reference frame.
Figure 1 shows the plasma parameters in the stud-
ied time interval, in the following order: the three
components of the magnetic field B, the three com-
ponents of the velocity vector V, the angle θBV be-
tween B and V, the proton density N , the total pro-
ton temperature T (blue line), perpendicular T⊥ (red
line) and parallel T‖ (purple line) proton temperatures
(‖/⊥ with respect to the mean magnetic field B0), the
plasma parameters β = nkT/(B2/2µ0) (purple line) and
β‖ = nkT‖/(B2/2µ0) (red line), and the temperature
anisotropy T⊥/T‖ (blue line). The central interval be-
tween 13:00:00 and 14:00:00 UTC delimited by dashed
lines is the interval used in Fig.1 of Leamon et al. (1998).
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Fig. 1.— Time series of solar wind data as measured by Wind
spacecraft on January 30,1995. From the top down, the six panels
show (a) the vector magnetic field B, (b) the vector proton velocity
V, (c) the angle between B and V, (d) proton density, (e) pro-
ton total, parallel and perpendicular temperature, with respect to
the mean magnetic field (f) plasma ion β, β‖ and temperature
anisotropy (T⊥/T‖). Grey filled bands represent two areas where
AIC waves are present (as shown in section 3). The central interval
between two dashed lines corresponds to Figure 1 of Leamon et al.
(1998) and is used here for the spectral analysis, whereas the entire
interval is used for the rest of the study.
Two areas of interest discussed below are indicated by
grey filled bands.
Table 1 summarizes the parameters of the plasma in
the central interval. In particular, it can be noted that
the mean velocity corresponds well to the fast wind
stream |V0| = (691 ± 12) km/s. Moreover the field-
to-flow angle is θBV = (143 ± 17)◦, which implies that
B0 nearly follows the Parker spiral (Parker 1958) and is
directed sunward. The complete interval presents similar
characteristics.
The spectrum of the central interval (between 13:00:00
and 14:00:00 UTC) is presented in the upper panel of
Figure 2 as a function of the frequency in the spacecraft
frame. The black curve shows the total PSD calculated
with the continuous wavelet transform (see eq. (A1) in
Appendix A), the filled area represents its 95% confi-
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B (nT) 6.3± 0.2 (0.8,−0.2, 0.3)
V (km/s) 691± 12 (−0.998, 0.045, 0.032)
θBV (
◦) 143± 17
N(cm−3) 3.4± 0.4
T (K) (22.8± 3.9)× 104
T⊥/T‖ 1.8± 0.6
β ; β‖ 0.7± 0.2 ; 0.5± 0.2
ρi (km) 108± 10
λi (km) 124± 6
fci (Hz) 0.096± 0.003
TABLE 1
Average plasma parameters between 13:00:00 and
14:00:00 UTC, on 30 January 1995, as measured by Wind
spacecraft. Unit vectors are given in brackets in GSE
reference frame.
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Fig. 2.— Upper panel: Total magnetic field Power Spectral
Density (solid lines) as a function of frequency in the spacecraft
frame as measured by Wind on January 30,1995, from 13:00 to
14:00 UTC, computed with FFT (grey) and Morlet wavelet (black)
algorithms. The spectrum of compressible magnetic fluctuations
(grey dashed line), computed from the magnetic field modulus
with Morlet wavelets, PSD(|B|). Straight lines show power-law
fits. Vertical lines indicate the break frequency fb (dashed), the
ion-cyclotron frequency fci (dashed-dotted, left) as well as the in-
ertial length fλi (dashed-dotted, right) and the Larmor radius fρi
(dotted) Doppler-shifted to spacecraft frequency using the Taylor
hypothesis (Taylor 1938). Lower panel: kurtosis for each com-
ponent of the magnetic field computed from wavelet coefficients.
The horizontal dashed line indicates a value of 3 expected for a
normal distribution. The bump in PSD(|B|) at 0.33 Hz and the
oscillations of the kurtosis of Bx and By are due to the spinning
frequency of Wind spacecraft.
dence interval (eq. (A4)), while the grey curve shows,
for comparison, the total spectrum calculated with win-
dowed Fourier transform by applying a pre-whitening
and post-darkening as was done by e.g. Leamon et al.
(1998); Bieber et al. (1993). The dashed line shows the
spectrum of the magnetic field modulusB = |B|, which is
used as a proxy for the compressible fluctuations. Again,
the filled area represents the 95% confidence interval.
One can notice that the confidence interval is negligible
compared to the thickness of the curve for frequencies
higher than 0.1 Hz. For the other spectra of this pa-
per, the confidence intervals are almost the same as in
Figure 2.
Spectra end at ∼ 2.7 Hz, the Nyquist frequency of the
MFI data of this interval. At frequencies f > 1.6 Hz, ap-
pears a flattening of the spectrum caused by the instru-
mental noise contribution. The probe spin at 0.33 Hz
is not visible on the total spectrum, but appears in
the modulus spectrum as an excess of energy around
that frequency. The break frequency fb ' 0.44 Hz, as
well as characteristic plasma frequencies fci ' 0.096 Hz,
fλi =
V
2piλi
' 0.89 Hz and fρi = V2piρi ' 1.0 Hz are
indicated by vertical lines. Note, that the ion character-
istic scales cover, in this case, one decade in frequencies
∼ [0.1, 1] Hz.
We also show power law fitting for frequency ranges
[10−2, 0.3] Hz (inertial range) and [0.6, 1.6] Hz (transition
range), respectively f−1.72 and f−4.25. These results are
similar to those obtained by Leamon et al. (1998). We
note that f−4.25 is obtained for a very short frequency
interval. The break frequency fb is near the plasma char-
acteristic frequencies but does not match any of them.
The lower panel of Figure 2 shows the kurtosis (Jones
et al. 2001; Zwillinger & Kokoska 2000) for three compo-
nents of the magnetic field in the GSE frame as a function
of the frequency. Within the inertial range, the kurtosis
of the three components increases with the frequency, as
expected for an intermittent turbulent cascade. At ion
scales, the kurtosis of the three components changes its
behavior: it shows a plateau. Such a plateau around ion
scales have been already observed in the solar wind by
Alexandrova et al. (2008) and Wu et al. (2013). Then
at sub-ion scales, the kurtosis of the By component in-
creases again, while for Bx and Bz the plateau contin-
ues. However, at these high frequencies the measure-
ments are too close to the instrumental noise to give
any firm conclusions. The ratio between the spectrum
of compressible fluctuations and the total PSD, the so-
called compressibility index (not shown here) increases
with increasing frequency as one approaches the ionic
scales as already observed by Alexandrova et al. (2008);
Salem et al. (2012); Kiyani et al. (2013).
3. WAVES AND STRUCTURES IDENTIFICATION
The spectra give a global vision of the properties of
an interval but do not allow to distinguish between the
different processes at work which can appear at different
times. On the contrary, wavelet spectrograms (or scalo-
grams) allow to follow the energy evolution of the mag-
netic field fluctuations in the time-frequency (or time-
scale) space (Farge 1992; Farge & Schneider 2015).
We use thereafter scalograms compensated by the iner-
tial range spectrum observed here ∝ f−1.7 (see Figure 2).
This compensation allows to see better variations of the
magnetic energy relative to the background.
We use also the flow-field reference frame defined as
follows:
ez = B0/|B0|
ex = ez ×V0/|V0|
ey = ez × ex
(1)
Compensated scalograms of perpendicular and par-
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Fig. 3.— Time evolution of magnetic field fluctuations: (a) compensated scalogram of the energy of transverse fluctuations, (|Wx(f, t)|2+
|Wy(f, t)|2)× f1.7 as a function of time and time-scales τ = 1/f , black solid and dash-dotted lines indicate fb, fci, fλi and fρi, an arrow
indicates the spin time-scale τspin = 3 s of the Wind spacecraft, (b) the same as (a) but for the parallel fluctuations |Wz(f, t)|2× f1.7 , (c)
a cut of perpendicular (black) and parallel (gray) scalograms at f = 0.1 Hz (τ = 10 s), (d) phase differences between Bx and By calculated
using complex Morlet wavelets, ∆Φxy(t, τ), which give a polarization map in the plane perpendicular to B0, as a function of time and
time-scales.
allel energy of magnetic fluctuations, (|Wx(f, t)|2 +
|Wy(f, t)|2)× f1.7 and |Wz(f, t)|2× f1.7, are respectively
presented in Figure 3(a) and 3(b) as functions of time
and time-scale τ = 1/f . Figure 3(c) shows a cut of the
parallel and perpendicular scalogram at 0.1 Hz (10 s).
Finally Figure 3(d) shows the polarization map in the
plane perpendicular to B0 built with the phase differ-
ences ∆Φxy(f, t) between Bx and By (see eq. A5, Ap-
pendix A), in the way of a scalogram where blue and red
areas represent the left-handed and right-handed polar-
ized fluctuations, respectively, and black/white is used
for the linear polarization.
The scalograms show clearly high-energy events
that span almost all frequencies, for example around
13:37:00 UTC. This coupling over many scales is an
intrinsic property of coherent structures (Frisch 1995;
Alexandrova et al. 2013). The scalogram of the paral-
lel component also reveals an excess of energy around
0.33 Hz (3 s), signature of the probe spin. This ex-
cess is only visible in the parallel fluctuations because, as
shown in the scalograms, the perpendicular components
are more energetic than the parallel one. The magnetic
fluctuations energy is lower at the edges of the central
interval (around 13:00 and 14:00 UTC) mainly for the
parallel component. These properties are especially vis-
ible in the Figure 3c and we see that 10 ≤ |W⊥|2|W‖|2 ≤ 100
during the whole interval.
Finally the polarization map (Figure 3, bottom
panel) shows that the phase differences highly fluc-
tuate and seem, at first sight, distributed almost
randomly. However we observe at the beginning
(13:00:30 to 13:02:30 UTC) and at the end (13:51:30 to
13:58:30 UTC) of the central interval two events indi-
cated by gray bands on Figure 1, during which the po-
larization remains around −90◦ at frequencies around fb
(horizontal yellow dash-dotted line). These events cor-
respond to left-handed polarized waves in the magnetic
field reference frame and appear when the turbulence
background level and especially W 2‖ are the lowest (see
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Figure 3c). The first wave lasts 2 minutes (13:00:30 to
13:02:30 UTC) with a frequency between 0.4 and 1 Hz
(or time scales τ ∈ [1, 2.5] s). The local spectrum, calcu-
lated over these 2 minutes, has a bump in this frequency
range (not shown). Here, B and V are almost paral-
lel (θBV ' 160◦). Using the minimum variance analysis
(Sonnerup & Scheible 1998) and assuming that the wave
vector k is in the minimum variance direction emin, we
obtain that the angle θkB ' 14◦ i.e. that k and B0 are
almost parallel. The second wave which lasts 7 minutes
(13:51:30 to 13:58:30 UTC) has similar properties.
Figure 4 provides a zoom on magnetic field fluctuations
of the 3 components filtered between fmin = 0.4 and
fmax = 1 Hz for 30 seconds time interval within the
first left-handed Alfve´n wave emission. Fluctuations are
defined as:
δBx = Lfmax(Bx)− Lfmin(Bx) (2)
with Lfs the moving average at frequency fs (window
of size 1/fs). The left panel shows the time evolu-
tion of the fluctuations, while the right panel shows
the hodogram of fluctuations in the plane perpendicu-
lar to B0 in the time interval ∆t1 (indicated in the left
panel). Fluctuations of the perpendicular components
are of the same intensity and with a phase shift of −pi/2
which results in a left handed (with respect to B0) al-
most circular rotation in the hodogram. Maximum and
medium eigenvalues of the minimum variance matrix are
almost equal (λmed/λmax ∼ 0.8), while the minimum
eigenvalue is very small compared to the maximum one
(λmin/λmax ∼ 10−3), i.e. emin is well defined.
In addition, as shown in Figure 1, during the two waves
events (grey filled bands), the temperature anisotropy
increases while β‖ decreases. Here T⊥/T‖ ' 3.5 and
β‖ ' 0.2 which is compatible with Alfve´n ion cyclotron
(AIC) instability (Gary & Lee 1994) and in accordance
with the growth rates between γmax = 10
−3ωci and
γmax = 10
−1ωci (Hellinger et al. 2006). The generation
of these low frequency waves by AIC instability due to a
temperature anisotropy seems a plausible scenario. Our
analysis thus suggests that these waves are parallel ion
cyclotron Alfve´n waves.
Figure 5 shows two examples of magnetic fluctuations
around the high-energy events that span a large range of
scales in the scalograms of Figure 3(a) and Figure 3(b)
(at 13:29:45 and 13:42:25 UTC). Note that these are only
two examples among others with similar characteristics
and they were chosen primarily because of their well-
defined shapes. The upper panels show magnetic raw
data projected to the minimum variance frame whereas
the lower panels show the magnetic fluctuations δB (in
the same reference frame). For panel (c), the fluctu-
ations are defined (eq. (2)) between fmin = 0.4 and
fmax = 1.0 Hz; and for panel (d), between fmin = 0.1
and fmax = 0.4 Hz, which represents respectively the
frequencies (or scales) covered by the events.
One can see that the magnetic data in left panels corre-
spond to a current sheet with an amplitude of δB/B0 ∼
0.75. The angle θBV = 140
◦ is oblique, B0 and emin are
almost parallel (θemin,B = 4
◦) whereas B0 and emax are
perpendicular (θemax,B = 90
◦). It seems that the cur-
rent sheet is aligned with the mean magnetic field and
the largest gradient is along the perpendicular direction.
With the fluctuations plot we estimate an upper-bound
for the temporal thickness of the current sheet ∆t2 ∼ 4 s
(or 1 s peak to peak) considered here as a characteristic
scale of the structure, which is the same order of mag-
nitude as f−1b ' 2.3 s. Assuming that this structure
is convected by the solar wind, one can estimate its size
using the projection of the velocity on the maximum vari-
ance axis Vemax = |V0 · emax| ∼ 300 km/s. Therefore,
the scale of the principal gradient (from peak to peak)
is 300 km, or 2.4λi (2.7ρi); the scale corresponding to
∆t2 is 1200 km, or 10λi (11ρi), that can be considered
as a scale where the current sheet affects the surrounding
plasma.
Figure 5, right panels, represents magnetic fluctua-
tions, which look like a wave packet of high amplitude
(δB/B0 ∼ 0.60). The principal fluctuations are in the
plane perpendicular to B0 (θemax,B = 93
◦, θemed,B =
87◦, θemin,B = 5◦) and the field-to-flow angle is oblique
θBV = 140
◦, as in the case of the current sheet exam-
ple. Different models can explain this kind of fluctuations
such as envelope soliton models (Buti et al. 2000; Oven-
den et al. 1983) or the Alfve´n vortex model (Petviashvili
& Pokhotelov 1992).
Envelope soliton models describe fluctuations with
k‖  k⊥. These wavevectors can be observed when B
and V are aligned (θBV ∼ 0), as in the case of the AIC
waves described above. Here, we are in an oblique con-
figuration, θBV = 140
◦ (or 40◦), and, at the same time,
the amplitudes of fluctuations are much higher than in
the aligned case (θBV ∼ 0). If the solar wind turbulence
is composed of a 2D component (k⊥  k‖) and a slab
component (k‖  k⊥), as was suggested by Matthaeus
et al. (1990), in oblique θBV configuration, we will ob-
serve projections of these two components on the solar
wind flow direction V. However, as Horbury et al. (2008)
and Wang et al. (2016) show, the 2D component has high
amplitudes of fluctuations, and the slab component has
much lower amplitudes (at f < 1 Hz). Therefore, the
projection of the 2D component will dominate the projec-
tion of the slab for oblique θBV angles. So, it seems that
the high-amplitude fluctuations we observe here under
oblique θBV configuration have k⊥  k‖ and it is reason-
able to consider the Alfve´n vortex model. Moreover, sim-
ilar fluctuations at almost the same scales have already
been observed by four Cluster satellites in the Earth mag-
netosheath and have been interpreted as Alfve´n vortices
(Alexandrova et al. 2006).
Let us now verify whether the Alfve´n vortex model
(Petviashvili & Pokhotelov 1992) can explain our obser-
vation. The magnetic field components of the Alfve´n
vortex can be derived from the vector potential A given
by Alexandrova (2008):{
Bx(x, y) = y
(
2αxJ2(kr)
r2J0(ak)
− A0kJ1(kr)r
)
, r < a
Bx(x, y) = − 2a
2αxy
r4 , r ≥ a
By(x, y) =
2αx2J0(kr)
r2J0(ak)
− 2α(x2−y2)J1(kr)kr3J0(ak)
−α+ A0kxJ1(kr)r , r < a
By(x, y) =
a2α(x2−y2)
r4 , r ≥ a
(3)
Here A0 is a constant amplitude, Ji is the Bessel function
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Fig. 4.— An example (30 seconds zoom) of coherent AIC wave observed by Wind on 1995 January 30 during the analyzed time interval.
Left panel: magnetic field fluctuations within [0.4, 1] Hz frequency range in the local field aligned frame, with B0 along ez . Right panel:
left-handed polarization in the plane perpendicular to B0 represented as a hodogram.
of ith order, r =
√
x2 + y2 is the radial variable in the
plane of the vortex, α = tan γ with γ the angle between
the normal to the plane (x, y) and B0. The vortex radius
a, represents the radius of the circle where the fluctua-
tions are concentrated. To ensure the continuity of the
magnetic field components at r = a, k is chosen to be
one of the root j1,l of J1. The comparison is done in Fig-
ure 5(d), for k = j1,3 ' 10.17, A0 = 0.27 in normalized
units and α = 0, i.e. the Alfve´n vortex has a monopole
topology and it is static in plasma frame. This fitting
corresponds to the trajectory of the satellite across the
center of the vortex, with a small angle of 13◦ to the
direction of the intermediate variance emed (or x-axis of
the vortex model).
One can see that the monopole Alfve´n vortex model
(dashed lines in Figure 5(d)) fits well the observations
(solid lines). The small deviations can come from (i)
the facts that the frequency band chosen to define the
observed fluctuations (by eq. (2)) is slightly larger than
the scales covered by the structure in the scalograms of
Figure 3; (ii) a superposition of the neighboring events
on the studied vortex-like structure.
We estimate the radius of the vortex a (that is a half
of the extension of magnetic fluctuations which are fitted
to the vortex model) to be ∆t3/2 ∼ 7 s. The scale of the
strongest gradient within the vortex (scale of the central
field-aligned current filament) is of the order of τ = 2 s.
Thus, the temporal scales of the vortex are around the
break scale f−1b ' 2.3 s. Using the projection of the solar
wind velocity to the vortex plane (x, y) = (emax, emed),
450 km/s, we obtain the vortex radius a ∼ 3 × 103 km
or 24λi and 27ρi; and the scale of the strongest gradient
` ∼ 900 km or 7λi and 8ρi.
However, in order to have confidence in the interpre-
tation in terms of the Alfve´n vortex, a multi-satellite
analysis should be performed. This will be a subject of
our future work. Here, we focus on the question how the
observed events as AIC waves and coherent structures
close to fb influence the spectrum at ion scales.
4. INFLUENCE OF COHERENT EVENTS ON THE
TURBULENT SPECTRUM
To determine how coherent processes as quasi-
monochromatic waves and coherent structures affect the
turbulent spectrum around ion scales, we propose to sep-
arate coherent events from the rest of the signal in or-
der to estimate their respective contribution to the total
spectrum. We will separate (or filter) our data on the
basis of the level of coherency, i.e. phase coupling, be-
tween two magnetic field components. For this, we use
the wavelet coherence technique (Grinsted et al. 2004),
applied previously in neuroscience and for geophysical
time series to examine relationships in time frequency
space between two time series. The details are given in
Appendix B.
As we have just seen, ion cyclotron waves are plane
waves propagating parallel to the mean magnetic field
with a phase coupling between the two perpendicular
components Bx and By as shown in Figure 3(d) and Fig-
ure 4. Coherent structures appear in perpendicular, Fig-
ure 3(a), and parallel scalograms, Figure 3(b). As a con-
sequence, the study of the phase coherence in the plane
perpendicular to B0 can reveal the presence of waves,
while the same technique applied to a parallel and a per-
pendicular components should highlight coherent struc-
tures.
To keep an equivalent number of events after filtering
and obtain a spectrum with statistical properties close to
the ones of Figure 2, we consider for the rest of the study
the total interval of Figure 1, i.e. the central interval
(1 h) plus 30 min on each side.
Figure 6 represents the phase coherency Rij(f, t) (see
eq. B1, Appendix B) between Bi and Bj as a function
of time and frequency. The top panel of Figure 6 corre-
sponds to Rxy(f, t), while the bottom panel corresponds
to Rxz(f, t). Low levels of coherency (Rij(f, t) close to
zero) correspond to light areas at these maps and high
levels of coherency (Rij(f, t) close to one) are dark areas:
we will call them coherent areas.
For Rxy(f, t), coherent areas are essentially in the fre-
quency range close to or higher than fb, whereas for
Rxz(f, t) coherent areas extend over almost all the fre-
quencies and end on frequencies close to or above fb.
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Fig. 5.— Two examples of coherent energetic events presented in the minimum variance frame calculated over 30 seconds time intervals
shown here. Left panels: current sheet detected at 13:29:46 (a) raw data, (c) fluctuations defined by eq. (2) in the [0.4, 1.0] Hz frequency
range. Duration ∆t2 ' 4 s. Right panels: signatures of an Alfve´n vortex-like structure at 13:42:27 (b) raw data, (d) fluctuations defined
in the [0.1, 0.4] Hz frequency range superposed to the monopole Alfve´n vortex model from Petviashvili & Pokhotelov (1992). Duration
∆t3 ' 14 s.
The filtering is done, using the coherence maps of
Figure 6, by selecting coherent areas above a threshold
Rthresholdij (see eq. B2 in Appendix B) at the break fre-
quency fb.
To help the reader to better visualize how the selec-
tion is made, we show in Figure 7 a cut of the coherency
map Rxz(f, t) between 13:25:00 and 13:30:00 UTC at
f = fb. The R
threshold
xz is given by the blue filled area.
The sets of coherent and non-coherent times correspond
to Rxz(fb, t) above the threshold (red line) and below the
threshold (black line) respectively. For comparison, the
dashed line shows the average coherency over the differ-
ent random signal realizations R¯randomxz (fb, t). Then co-
herent times are used to calculate individual spectra of
coherent events, and non-coherent times, – for the spec-
tra of non-coherent fluctuations. For more information
see Appendix B.
The resulting individual spectra are shown in Figure 8
(middle panels) together with an average coherence as
a function of the frequency 〈Rij(f, t)〉t (top panels) and
the local slopes of the corresponding spectra1 (bottom
panels).
The average coherence gives information on the fre-
quency localization of coherent events. Figure 8(top,
left) gives this information for Bx−By components cou-
pling: 〈Rxy(f, t)〉t is plotted by solid red line and it is
compared to the 〈Rrandomxy (f, t)〉t (blue dashed lines),
〈Rthresholdxy (f, t)〉t is indicated by the blue filled area.
One observes an increase of 〈Rxy(f, t)〉t just below fb '
0.4 Hz and a maximum of 〈Rxy(f, t)〉t = 0.46 around
f = 0.8 Hz. This frequency range corresponds to the
AIC waves.
The average coherence between Bx and Bz, Fig-
ure 8(top,right), exhibits a plateau 〈Rxz(f, t)〉t ∼ 0.5
between f = 5 × 10−2 and f = 0.9 Hz (see two ver-
tical black arrows). This increase of coherency over a
1 The local slope is computed as follow: we divide the logarithmic
frequency axis into 10 intervals of equal length; the local slope is
then obtained using a linear fit considering only the points within
each interval.
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Fig. 6.— Maps of phase coherency Rij(t, f) between two magnetic field components Bi and Bj as function of time and frequency. The
red lines show the break frequency fb. Upper panel: coherence between Bx and By components. Lower panel: coherence between Bx and
Bz components.
large frequency range corresponds to the presence of co-
herent structures, mainly current sheets and vortex-like
structures, over all these scales, as discussed in section 3.
Note that, in this representation, it becomes clear that
the smallest scale of the coherent structures is the local
maximum at 0.7 Hz close to the right end of the plateau
of the average coherency 〈Rxz(f, t)〉t, i.e. in the vicinity
of fb. Here, results close to 1.6 Hz and beyond are to be
interpreted with caution since we do not know the exact
contribution of the noise. Finally, effects of instrumental
filters on the signal phase and coherence for frequencies
near the Nyquist frequency remain to be determined.
Let us now consider the individual spectra and com-
pare them to the original spectrum for the whole time
interval (or global spectrum), see central panels of Fig-
ure 8. Here, the spectrum of coherent fluctuations Ec
is shown by a blue solid line, the spectrum of the non-
coherent part Enc is in red and the global spectrum is
in black. Note that the global spectrum is the weighted
average of coherent and non-coherent spectra2.
Here, one observes that the spectra of non-coherent
fluctuations do not exhibit any break. Also, we see that
the individual spectra of coherent events are higher than
global and non-coherent spectra within the frequency
ranges where the coherency increases (see top panels),
i.e. around fb, for (Bx,By) and between fci and fρi for
(Bx,Bz). This result is consistent with Figure 3 scalo-
grams, which show that coherent structures are among
the most energetic events of the interval.
Left panels of Figure 8 show that waves affect the local
spectrum creating a surplus of energy around their fre-
quency, which results in a small bump (or a knee) around
fb in the coherent spectrum (in blue).
Right panels of Figure 8 show that the spectrum of
coherent structures Ec (in blue) has a more pronounced
break at fb than the global spectrum (in black). E
c
2 The spectrum over the whole time interval is
Eglobal(f) = Ec(f)
Nc
Ntot
+ Enc(f)
Nnc
Ntot
,
where Nc/nc/tot are the number of points used to calculate coher-
ent, non coherent and global spectra, respectively.
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z
Fig. 7.— Cut of Rxz(f, t), shown in the lower panel of Figure 6
at fb. Here, red color corresponds to Rxz(fb, t) over the threshold
(we refer to the corresponding times are coherent times); black cor-
responds to non-coherent times; dashed blue line shows the mean
value (over 100 realizations) of Rxz(fb, t), but for the random phase
surrogate signals; the filled ares shows the two times standard de-
viation of the surrogate data.
starts to deviates from the global spectrum at f ≥ fci
(see bottom panel). In the inertial range (f < fci),
the coherent spectrum is flatter than the non-coherent
one with a local slope of αc(0.077 Hz) ' −1.5 and
αnc(0.077 Hz) ' −1.7, respectively; whereas around ion
scales (f ≥ fci), the local slope for the coherent spec-
trum, αc(0.6 Hz) ' −3.8 is steeper than the non co-
herent one αnc(0.6 Hz) ' −3.2. The local slope of the
global spectrum follows the slope of the coherent spec-
trum. Therefore we can deduce that the global scaling
is imposed by the coherent part of the magnetic fluctu-
ations. The coherent spectrum leads to a clear break
because the structures cover a large number of frequen-
cies up to their characteristic frequency, close to fb. At
fb, their contribution to the spectrum drastically drops
and the slope decrease sharply.
The spectra and their slopes also provide indications on
the presence of Alfve´n vortices. Indeed, Alfve´n vortices
have a specific spectral shape because of their magnetic
topology (Alexandrova 2008). The magnetic field of a
monopolar vortex is located within a circle of radius a
(Petviashvili & Pokhotelov 1992). This creates a discon-
tinuity in the current density at the edge of the vortex,
which implies a spectrum f−2 for the current density.
Therefore the magnetic field spectrum follows a power
law of f−4. So the ∼ f−4 spectrum at high frequencies
(f > fb) can be explained both by the current discon-
tinuity spectrum of Alfve´n vortices and by the lack of
contribution from other structures.
The overall spectrum is an average of the coherent and
non-coherent areas, whose shape depends partly on the
percentage of coherent events in the interval. We define
the percentage of coherent events for a given couple of
magnetic field components (Bi, Bj) as the ratio between
coherent and total times. It follows that the contribution
of ion-cyclotron waves in the global spectrum is of the
order of 20%, lower than the contribution of coherent
structures (around 40%).
Figures 9 and 10 resume our findings regarding the
turbulent spectrum around ion scales in the fast solar
wind stream studied here: It results from the superposi-
tion of waves (solid blue), coherent structures (solid red)
and non-coherent fluctuations (solid orange).
The non-coherent and not polarized fluctuations have
a spectrum without any break. It can be modeled by a
power law multiplied by an exponential cut-off E(f) =
E0f
α exp(−f/f0), with E0 = 6.4×10−2 (considering fre-
quencies in Hz and the magnetic field in nT), α = −1.46
and f0 = 0.31 Hz (see the dashed black line for the fit).
This model describes the evolution of the whole spectrum
over 3 decades with a minimum number of free param-
eters. It is better seen from the compensated spectrum
of non-coherent fluctuations, shown in Figure 10 by the
black solid line (the other compensated spectra are shown
here as well). One can see that it is flat over all measured
frequencies, between 3× 10−3 and 2 Hz, indicating that
the model works quite well. However the frequency range
above the exponential cut-off frequency (f > f0) is not
large enough to conclude on the meaning of this adjust-
ment and it will be necessary to consider both numerical
simulations and observations over an extended frequency
range to clearly understand phenomena at work and es-
timate if this exponential decay is due to any kind of
dissipation.
5. SUMMARY AND CONCLUSION
In this paper we tried to understand which physical
phenomena govern the transition between inertial and
kinetic ranges and why this transition is highly variable.
To address these questions, we selected a fast solar wind
interval for which the spectrum exhibits a clear spectral
break and a very steep slope of−4 at smaller scales (up to
the noise level of the Wind/MFI instrument at 2-3 Hz).
The choice of this interval was done in order to determine
the conditions that give this specific spectral shape, not
always observed in the solar wind.
Our analysis, based on phase coherency in time and
scales calculated using the Morlet wavelet transform,
shows the coexistence of (i) narrow-band incompressible
left-handed circularly polarized waves with a central fre-
quency at the spectral break frequency fb; (ii) coherent
events in form of current sheets and Alfven vortex-like
structures with characteristic scales close to fb, but cov-
ering a wide range of frequencies ∼ [5×10−2, 1] Hz start-
ing one decade before fb in the inertial range; (iii) non-
coherent and non-polarized component of turbulence.
A detailed multi-instrumental analysis shows that the
circularly polarized waves are observed when the flow to
field angle θBV is close to zero. They propagate nearly
parallel to the mean magnetic fieldB0 (i.e. k‖  k⊥) and
their appearance is consistent with (1) favourable con-
ditions for the development of the AIC instability (low
ion beta βi ' 0, 2 and high ion temperature anisotropy
T⊥/T‖ ' 4) and (2) a low turbulence background level.
The decrease of the background can be a consequence of
the alignment between B0 and the solar wind velocity
during wave events, see (Horbury et al. 2008; Podesta
2009). The individual spectrum containing only these
AIC waves exhibits a bump in the spectrum around fb.
The coherent structures observed here (in particular
current sheets and Alfve´n vortex-like structures) are also
mostly Alfve´nic, i.e. with principal fluctuations perpen-
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dicular to B0. However, they have small compressible
component with amplitude δB‖  δB⊥. Their geometry
seems to be consistent with k⊥  k‖ anisotropy (how-
ever, to be sure, multi-satellite analysis should be done).
The presence of current sheets and magnetic vortices
in plasma turbulence is not new: numerous numerical
simulations show this purpose. Current sheets are also
largely observed in the solar wind turbulence, e.g. Greco
et al. (2010); Perri et al. (2012). However, regarding
magnetic vortices, there are only few examples of clear
identification of such structures in space plasma turbu-
lence. Alfve´n vortices at ion spectral break scale have
been identified in the Earth and Saturn magnetosheaths
turbulence just behind a quasi-perpendicular portion of
the bow-shocks (Alexandrova et al. 2006; Alexandrova
& Saur 2008). Kinetic Alfve´n vortices (at scales smaller
then the ion scales) have been observed in the Earth’s
cusp region by Sundkvist et al. (2005). Signatures of
large scales (∼ 3 minutes time scale, i.e. f  fb)
Alfve´n vortices in the fast solar wind have been reported
by Verkhoglyadova et al. (2003). Roberts et al. (2013)
showed an indirect indication of the presence of such vor-
tices at ion scales: the authors applied k-filtering tech-
nique for a time interval of a fast wind stream and got
dispersion relation which can be interpreted as oblique
kinetic Alfve´n waves (KAWs) or as convected structures,
such as Alfve´n vortices. Here, we show the presence
of high amplitude localized magnetic fluctuations at ion
scales which can be described by an Alfve´n vortex model
(Petviashvili & Pokhotelov 1992). These observations
may indicate that intermittency in the solar wind turbu-
lence is not only related to planar structures (like current
sheets) but there may also be filamentary structures like
vortices.
As far as the observed vortex like structures are among
the most energetic structures in the signal, one cannot
neglect their influence to the observed total spectrum
with a clear break and a −4 power-law at smaller scales.
As was shown in Alexandrova (2008), the monopole
Alfve´n vortex has a current discontinuity on its bound-
ary and this gives a spectrum of the current with a −2
power-law at scales smaller than the vortex radius. This
corresponds to a −4 spectrum of magnetic field, as far as
j = ∇×B ∼ kB. At large scales, the vortex spectrum is
Solar Wind Turbulence and Phase Coherence at Ion Kinetic Scales 11
10-2 10-1 100
Frequency (Hz)
10-4
10-3
10-2
10-1
100
101
102
PS
D
 (n
T2
/H
z)
-5/3
Global spectrum
Coherent Structures (40%)
Waves (20%)
Non coherent
1/f noise
f - 1. 46exp( - f/f0) + noise
10-1 100
Frequency (Hz)
10-4
10-3
10-2
10-1
100
PS
D
 (n
T2
/H
z)
fb
f i   f i
Fig. 9.— Ionic transition spectrum decomposition. Upper panel:
global spectrum (solid green); filtered spectra for wave signatures
(solid blue), coherent structures (solid red) and non-coherent parts
(solid orange); 1/f noise (dashed blue); exponential fit for the non
coherent part (dashed black). Lower panel: zoom around the tran-
sition ([0.1, 2] Hz, same color code as the upper panel).
flat and it has a knee at the scale of its radius. Indeed,
as we show in the present study, the individual spectrum
of the coherent structures exhibits a flattening at f < fb,
a clear knee at fb and −4 power-law at f > fb, consis-
tent with the spectral properties of a monopole Alfve´n
vortex. Even if the coherent spectrum is similar to the
one of the vortex, we must not neglect the role of other
structures. Indeed, the sharp drop in the power spectrum
can be seen not only as the contribution of the current
discontinuity spectrum of Alfve´n vortices but also as the
consequence of the lack of contribution from other coher-
ent structures.
The third turbulence component, present in the ana-
lyzed time interval is not coherent nor polarized and it
does not exhibit a spectral break at fb at all. Its individ-
ual spectrum has a smooth decreasing spectrum around
ion scales well fitted by a power law multiplied by an ex-
ponential cut-off, E(f) ∝ fα exp(−f/f0) with α = −1.46
and f0 = 0.31 Hz.
Consequently, ion scales can not be described by a
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Fig. 10.— Compensated spectra of Figure 9: non-coherent spec-
trum compensated by the exponential fit (black) and each spectra
compensate by their respective power law in the inertial range for
comparison (same color code as in Figure 9).
single physical process and therefore, it is impossible to
associate only one characteristic scale to the break fre-
quency fb. In particular, this may explain as well, why
different characteristic scales, such as ρi, λi (Chen et al.
2014), and resonant wavenumber of AIC waves (Bruno
& Trenchi 2014) fit well fb.
The presence of this break itself seems to be strongly
related to a proportion and amplitude of waves and co-
herent structures in the analyzed signal. The strong
steepening with a −4 power-law seems to be simply the
mix of spectrum of all the structures and maybe also an
indication of the presence of Alfve´n vortex monopoles.
Therefore, following the results of Bruno et al. (2014)
and Smith et al. (2006), the faster the solar wind (the
stronger the energy transfer rate ), the steeper the spec-
trum at f > fb, one may assume that in the fast wind
there are more Alfve´nic structures such as Alfve´n vor-
tices (or maybe simply more intense structures at ion
scales) than in the slow wind, and in the presence of
these structures the energy transfer rate is enhanced.
It will be interesting to analyze the role of the observed
coherent structures in the problem of ion heating (Smith
et al. 2006; Matthaeus et al. 2008), as already observed,
for example, for much larger magnetic structures (hourly
time scales), see for example (Khabarova et al. 2015).
To summarize, variety of spectral shapes observed in
the solar wind around ion scales can be explained by
different number, intensity and duration of the coherent
events, such as waves and coherent structures, which are
themselves depending upon local plasma parameters (for
waves) and non-local generation processes for coherent
structures.
It is important to clarify the limitation of our study.
As the coherency technique only detects phase corre-
lated oscillation between magnetic field components, this
method can miss events which appear only in one mag-
netic field component. We wish to emphasize as well
that the present study is done only for 2 hours of data
in the fast solar wind. To arrive to firm conclusions, a
larger statistical study of the link between phase coher-
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ence of turbulent fluctuations and spectral shape should
be done. This will be a subject of our future work.
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APPENDIX
A. CONTINUOUS WAVELET TRANSFORM: SPECTRUM AND POLARIZATION
Spectrum and its confidence interval
A continuous wavelet transform, e.g. (Farge 1992; Torrence & Compo 1998), allows to obtain from a time series
Bj(t = ti), with ti = t0 + iδt and i ∈ [|0, N − 1|], the Power Spectral Density (PSD) as a function of the frequency f
in the spacecraft frame. This method has already been applied in previous studies, see e.g. Alexandrova et al. (2008).
Using the Morlet wavelet transform of the Bj(t) time series, we calculate the complex coefficient Wj(f, t) as a function
of the frequency in the spacecraft frame and the time t. The total PSD, sum of the PSD of three components is then
written as:
E(f) =
∑
j=(x,y,z)
2δt
N
∑N−1
i=0 |Wj(f, ti)|2
=
∑
j=(x,y,z) 2δt〈|Wj(f, t)|2〉t.
(A1)
It is then necessary to determine if the wavelet spectrum is a good estimation of the true spectrum (and determine
error bars for the wavelet spectrum). To do so, let W2(f, t) be the true wavelet power (the wavelet power in the
ideal case) and |W (f, ti)|2 the estimated one (our measurements). Formally, the probability that the estimated power
should be close to the true power is:
P
(
χ2ν,α/2 < ν
|W (f, t)|2
W2(f, t) < χ
2
ν,1−α/2
)
= 1− α. (A2)
χ2ν,α/2 represents the value at which the χ
2
ν cumulative distribution function with ν degree of freedom equals α/2
(ν = 1 for real coefficients, ν = 2 for complex coefficients) and where α is the desired significance (α = 0.05 for the
95% confidence interval). The confidence interval for the wavelet power is then:
ν|W (f, ti)|2
χ2ν,1−α/2
<W2(t, f) < ν|W (f, ti)|
2
χ2ν,α/2
. (A3)
The wavelet spectrum is the average of more or less independent wavelet coefficients. Indeed, for the continuous
wavelet transform, wavelet coefficients are correlated over a certain time which depends on the mother wavelet and
which is characterized by the decorrelation length τ = γs where s is the scale (s = 11.03f for the Morlet wavelet) and
γ is the decorrelation factor (γ = 2.32 for the Morlet wavelet). This implies that if W¯2(f) is the true spectrum and
W¯ 2(f) = 1N
∑N−1
n=0 |W (f, tn)|2 the estimated wavelet spectrum then the spectrum confidence interval is given by:
ν¯W¯ 2(f)
χ2ν¯,1−α/2
< W¯2(f) < ν¯W¯
2(f)
χ2ν¯,α/2
(A4)
where ν¯ = νNδt/τ is the new degree of freedom (which takes into account the number of coefficients used for averaging
and the correlation between these coefficients) with δt the time step.
For 1h of Wind/MFI measurements in the solar wind, it gives for one component : 0.86 < W¯
2
W¯ 2
< 1.18 at f = 0.1 Hz
and 0.95 < W¯
2
W¯ 2
< 1.05 for f = 1 Hz. Note, that the confidence interval decreases with frequency.
Polarization of magnetic fuctuations
As indicated above, the Morlet wavelet coefficients Wj(f, t) are complex. The argument φj(f, t) = arg(Wj(f, t)) [2pi]
of the complex coefficients can be interpreted as the local phase of the signal at a time t and a frequency f (Grinsted
et al. 2004). The relative phasing between two time series, for example, Bx(t) and By(t) is given by ∆Φxy(f, t) =
φx(f, t)− φy(f, t). Let ex, ey and ez be a direct trihedron, then the relative polarization with respect to the z-axis is
given by
∆Φxy(f, t) =
 pi/2 [2pi]→ right handed0 [pi]→ linear−pi/2 [2pi]→ left handed (A5)
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B. WAVELET TRANSFORM COHERENCE AND PHASE FILTERING
Two signals are said to be coherent if they maintain a fixed phase relationship. We use the Wavelet Transform
Coherence (WTC see Grinsted et al. (2004)) to separate coherent areas of the signal. The WTC highlights local phase
lock behavior and provides a good indication of the local correlation between the time series in the time-frequency
space.
Let us consider two magnetic field components, Bi(t) and Bj(t), with i, j = x, y, z. The coherence coefficient Rij(f, t),
which characterize phase coupling between Bi(t) and Bj(t) is defined using the Continuous Wavelet Transform of two
signals:
R2ij(f, t) =
|S(fWi(f, t)W ∗j (f, t))|2
S(f |Wi(f, t)|2) · S(f |Wj(f, t)|2) (B1)
where Wi(j)(f, t) are complex wavelet coefficients of Bi(j)(t) (Farge 1992), S is a smoothing operator defined by
S(W (f, t)) = Sfreq(Stime(W (f, t))) with Sfreq(W (f, t)) = W (f, t)c
−t2f2/2
1 the smoothing operator over frequencies,
and Stime(W (f, t)) = W (f, t)c2Π(0.6/f) over time. c1 and c2 are numerically determined normalization constants
(see Grinsted et al. (2004)) and Π the rectangular function. The factor of 0.6 is the empirically determined scale
decorrelation length for the Morlet wavelet (Torrence & Compo 1998). The normalization through the local average
operator S allows to consider not only the high-amplitude events with coupled phases, but all the phase coupled events.
By definition Rij(f, t) is between 0 (no coherence) and 1 (full coherence).
To remove the maximum of fortuitous coherence between two component (Bi, Bj) we need to determine the statistical
significance level of the WTC. For this purpose we construct N (= 100) surrogate time series for each component from
the original data for which we randomize the phases as done in (Hada et al. 2003; Koga & Hada 2003). So, the
significance threshold is defined as
Rthresholdij = R
random
ij + 2σ
random
ij , (B2)
using the mean
R
random
ij (f, t) =
1
N
N∑
k=1
R
(k)
ij (f, t), N = 100 (B3)
and the standard deviation of the WTC for the 100 surrogate datasets
σrandomij (f, t) =
√√√√ 1
N
N∑
k=1
(R
(k)
ij (f, t)−R
random
ij (f, t))
2. (B4)
If Rthresholdij > 1, we take R
threshold
ij = 1 because R can not be greater than 1.
We call coherent times T cij the ensemble of time points, such that two magnetic field components, Bi(t) and Bj(t),
are coupled in phase. These times are defined as the time set t which verifies
Rij(fb, t) ≥ Rthresholdij (fb, t). (B5)
The complementary set, Tncij , corresponds to the non-coherent times.
The individual spectra of coherent (c) and non coherent (nc) parts of the signal are then defined as
E
c/nc
ij (f) =
∑
k=(x,y,z)
2δt〈|Wk(f, t)|2〉t with t ∈ T c/ncij . (B6)
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